INTRODUCTION
Taxonomical classification of the Firmicutes, and more specifically of the genus Clostridium, has changed significantly in the last decades as new genomic information has become available (Stackebrandt et al. 1999; Rosenberg et al. 2014) . Species heterogeneity within the clostridia has recently forced the description of new genera to better accommodate isolates initially described as Clostridium (Yutin and Galperin 2013; Reichardt et al. 2014) . In spite of these efforts, examples of two or more species sharing a 100% similarity of the 16S rRNA gene sequence are not uncommon. This high genetic similarity is critical among model carboxydotrophic isolates, and prevents the use of conventional molecular tools targeting the 16S rRNA gene for an effective species differentiation.
Carboxydotrophs, including some Clostridium, Eubacterium, 'Butyribacterium' among other genera, have gained significant attention as bacterial models for dark CO 2 fixation and biofuel production (Dürre, 2007; Köpke et al. 2010; Mohammadi et al. 2011; Ramió-Pujol et al. 2015) . Moreover, carboxydotrophic clostridia are key players in bioelectrochemical systems (BES), in which the reduction of carbon dioxide into multicarbon compounds (i.e acetate, butyrate) is exclusively dependent on electrons provided by an electrode (Nevin et al. 2010; Marshall et al. 2012; Bajracharya et al. 2016; Puig et al. 2017; Batlle-Vilanova et al. 2017) . Despite the promising use of carboxydotrophs in biotechnology, 16S rRNA based markers are not reliable for the differentiation of the above-mentioned species. For instance, Clostridium ljungdahlii and 'Clostridium autoethanogenum' harbor highly similar genomes at the sequence level but differ in key aspects of their physiology, such as the ethanol production capacity (Bengelsdorf et al. 2016) , which conditions the use of the two species in biotechnology (Cotter, Chinn and Grunden 2009; Marcellin et al. 2016; Martin et al. 2016 ). An almost identical situation, occurs with Clostridium carboxidivorans, Clostridium drakei and Clostridium scatologenes (Liou et al. 2005) . Despite the high genetic similarity, C. carboxidivorans is of greater interest over the other two due to its increased capacity to synthetize longer carbon chain products, such as butanol and hexanol (Liou et al. 2005; Phillips et al. 2015) .
In addition to differences in production rates and product spectrum within carboxydotrophic bacteria, other aspects related to cell fitness are relevant to justify the need of an effective detection method at the species level. For instance, a thorough inspection of C. carboxidivorans, C. ljungdahlii and 'C. autoethanogenum' genomes has revealed significant differences in the presence of plasmids (only present in C. carboxidivorans), and native clustered regularly interspaced short palindromic repeats (CRISPR, detected exclusively in 'C. autoethanogenum' isolates) (Brown et al. 2014) . Although these genetic differences are not directly related to the production capacity, they can be relevant for cell fitness and culture resilience in bioreactors due to a potentially increased immunization in CRISPR containing strains.
In this study, we aimed at designing PCR primers for the specific detection of 'C. autoethanogenum', C. carboxidivorans and C. ljungdahlii, three strains that cannot be correctly identified by using available 16S rRNA gene markers. Other molecular targets, such as DNA gyrase A or the beta subunit of the ATP synthase, have been described as alternative markers for clostridia (Gupta and Gao 2009 ). However, they showed inefficient for discriminating between two of the target species in this work. Therefore, new primers were designed and tested for specificity using pure cultures and complex samples obtained from three autotrophic reactors for organic acids and alcohol production. We are confident that the newly designed tool will help in determining specifically the presence and the abundance of carboxydotrophs in systems where complex bacterial communities are used for biofuel production. 
MATERIALS AND METHODS

Bacterial strains and growing conditions
Primer design
Sequences of the 16S rRNA gene, the gyrase subunit A (gyrA) and the gyrase subunit B (gyrB) of the target species were retrieved from the NCBI (www.ncbi.nlm.nih.gov) genomic database. Those genes were selected since they are frequently used in quantitative PCR determinations. The extremely high genetic similarity between 'C. autoethanogenum ' and C. ljungdahlii (>98%) prevented the use of gyrA and gyrB genes as targets for phylogenetic differentiation of both species. Therefore, in order to differentiate between them, the design of new primers was directed to regions harboring genetic differences between the two species (Brown et al. 2014) . In all cases, primers were designed using the Primer-BLAST design tool implemented in the NCBI (Ye et al. 2012) . Expected amplicon size was limited to 300 bp, predicted melting temperatures were set between 58
• C and 63
tween primer pairs), and an approximate GC content of 50% was selected. Primer pairs with the least self-complementarity value, and minimum difference between melting temperatures, were selected as first choice and tested for specificity. In silico predictions of primer specificity were performed against the nr database of the NCBI (15th May 2017) using Primer-Blast.
PCR conditions and sequencing
PCR reactions were performed using the following final concentrations: 1X of PCR buffer, 0.2 mM of DNTP mix, 1.5 mM of MgCl 2 , 0.2 μM of each primer and 0.025 U of Taq polymerase (Applied Biosystems, USA). Reactions were set to a final volume of 25 μL and performed in a GeneAmp PCR System 2700 thermocycler (Applied Biosystems, USA) using the following conditions: a first denaturalization step of 2 min at 95 In all cases, PCR products were analyzed by electrophoresis on 1.5% agarose gels and visualized after staining with a 0.2 μg/mL ethidium bromide solution. PCR reaction conditions were considered as being optimized when a single PCR amplicon of the expected size and no prominent primer-dimer formation was visible in the agarose gel.
To confirm amplification of the expected genes, PCR products were further digested with exonuclease I (ExoI, final concentration of 1.5 U/μL) and alkaline phosphatase (FastAP, 0.15 U/μL). Digested PCR products were sequenced using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, USA) as specified by the manufacturer. Sequences were obtained from both forward and reverse primers in a 3130 Genetic Analyzer (Applied Biosystems, USA). Both sequences were merged and aligned with reference sequences using BioEdit Sequence Alignment Editor v7.2.5.
Bioreactor samples
Newly designed primers were tested in samples containing complex microbial communities in which the presence of any of the three targeted strains was inferred from the analysis of highthroughput molecular methods (Illumina based sequencing or PCR-DGGE) targeting the 16S rRNA gene. For all samples used, reactors configuration, growing conditions and microbial community structures have been described previously. Samples from three different reactors were used. First, we analyzed an acetate plus hydrogen producing BES using CO 2 as the sole carbon source (Puig et al. 2017) . Biofilm and bulk liquid samples from the cathode compartment were used from this reactor. At the end of the experiment, cathodes were withdrawn from the reactor and biofilm samples collected from the solid surface using sterile forceps and scalpel. Collected cells were used for DNA extraction. Second, a butyrate producing BES using CO 2 as the sole carbon source was also examined . Bulk liquid cathode samples were aseptically retrieved from two batch tests operated at different CO 2 availability. Third, we investigated for the presence of the three Clostridium species in three stirred batch reactors (STR) for testing the effect of different pH buffers on ethanol and butanol production using a mixed culture syngas fermentation (Ganigué et al. 2016) . Liquid samples at late exponential growth phase from the three reactors were collected, cells harvested by centrifugation and DNA extracted from cell pellets. Details of sample collection pre-treatment and DNA extraction have been previously published (Ganigué et al. 2016; Puig et al. 2017; Batlle-Vilanova et al. 2017) 
RESULTS AND DISCUSSION
Primers' specificity
Clostridium carboxidivorans, C. drakei and C. scatologenes 16S rRNA gene sequences aligned at a 99.6% similarity. Moreover, a 100% identity in the 16S rRNA gene sequence is found for C. ljungdahlii and 'C. autoethanogenum', confirming that 16S rRNA gene is not a suitable molecular marker. Similarly, gyrA and gyrB sequences of C. ljungdahlii were identical to those retrieved from 'C. autoethanogenum'. In contrast, gyrA sequences from C. carboxidivorans and C. scatologenes exhibited some differences and were used to design new PCR primers to selectively detect C. carboxidovorans. Unfortunately, no sequences of the gyrA or gyrB genes were available for C. drakei at the time this work was performed.
Given the inability to use the genes mentioned above, searches for effective PCR primers to differentiate between C. ljungdahlii and 'C. autoethanogenum' were directed to regions in which differences at the genome level had been previously found (Brown et al. 2014; Humphreys et al. 2015) . Genes encoding for a hypothetical formate/nitrite transporter (fnt) (CLAU˙1560 and CLJU RS18460, in 'C. autoethanogenum' and C. ljungdahlii, respectively) were chosen as potential candidates although nucleotide identities between the two species accounted for almost 96% (808/843) ( Figure S1 , Supporting Information). Differences in two consecutive nucleotides (a minimum needed for an effective primer differentiation) were only found at positions 375, 549 and 621. Differences at position 375 were found to be more suitable for designing new primers selectively targeting either 'C. autoethanogenum' or C. ljungdahlii.
As a result, species-specific primers for the C. carboxidivorans were designed for the gyrA gene and for the fnt gene in the case of 'C. autoethanogenum' and C. ljungdahlii (Table 1) . PCR reaction conditions were optimized for the three primer sets using DNA extracts of the targeted species (Table S1 , Supporting Information). In order to confirm the correct amplification of the target genes, PCR products were further purified and sequenced. As expected, complete identity with the corresponding sequence in the bacterial genome was found in all cases (Fig. S2, Supporting  Information) .
The specificity of the three primer pairs was checked using DNA extracts from pure cultures of 12 different strains in addition to the target species. For the three primer pairs, positive PCR amplifications of the correct size were obtained for the target species (Table 2; Figure S3 , Supporting Information). A weak amplification was obtained for C. botulinum type E 4611 T when CL3F/CA3R primers were used. Moreover, DNA of C. drakei could also be amplified with primers CC1F/CC1R, reporting only the two cases of unspecific amplifications. Interestingly, a survey of the four C. botulinum complete genomes available so far did not yield any significant match with the fnt gene sequences used here, thus indicating that unspecific amplification. Although C. ljungdahlii, 'C. autoethanogenum' and C. botulinum, are strict anaerobes and can be found in virtually the same environmental conditions, the latter is an obligate heterotroph and cannot be enriched in strictly autotrophic conditions. Nevertheless, the newly designed primers CL3F/CA3R and CL3F/CL3R proved to be effective to differentiate between 'C. autoethanogenum' and C. ljungdahlii with the used PCR conditions. Primers designed for the detection of C. carboxidivorans yielded also positive results with C. drakei, probably revealing a high sequence similarity for the gyrA gene in the two species. Unfortunately, genomic information for C. drakei strains is limited and no further attempts to test new genes for primer design were performed. An in silico analysis of the three primer pairs using the Primer-BLAST tool against the nr database yielded satisfactory results. No significant similarity was found at the 3 end of the two primers with any sequence deposited in the database, except for human genome sequences. Moreover, primers were also confronted with predicted formate/nitrite transporters of the closed 'Clostridium ragsdalei P11' and 'Clostridium coskatii' genomes (Bengelsdorf et al. 2016) . CLCOS 09560 gene showed an almost complete similarity (0.9988) with the C. ljungdahlii fnt gene, also in the region where CL3F and CL3R primers hybridize (Fig. 1) . Table 2 . Results of PCR specificity tests of primer pairs CC1F/CC1R, CL3F/CL3R and CL3F/CA3R. DNA concentration of extracts of the tested strains was normalized to 1-2 ng/μL to avoid possible inhibition effects in PCR amplification. +PCR product of the expected size, −no PCR product observed and −/+ weak amplification.
Primer set Bacterial strain CC1F/CC1R CL3F/CL3R CL3F/CA3R
Clostridium species C. carboxidivorans DSM 15243
Therefore no clear differentiation can be obtained for this two species with the primer set developed here. On the contrary, a two base pair difference in the 3 end of the reverse CL3R and CA3R primers was observed for 'C. ragsdalei' formate/nitrite transporter (Table S2 , Supporting Information). Even though, this specificity could not be proven experimentally due to difficulties in growing the respective Clostridium species and to obtain DNA for testing.
Detection of 'C. autoethanogenum', C. carboxidivorans and C. ljungdahlii in bioreactor samples
The newly designed primers were tested to specifically detect 'C. autoethanogenum', C. carboxidivorans and C. ljungdahlii in complex samples from BES or stirred tank reactors for syngas fermentation (Ganigué et al. 2016; Puig et al. 2017; Batlle-Vilanova et al. 2017) . In all samples used, the presence of any of the three species was suspected by the analysis of partial 16S rRNA gene fragments obtained after sequencing of Illumina based barcoded libraries or DGGE bands. Members of the C. ljungdahlii/'C. autoethanogenum' cluster were present in all samples and varied from 1.0% to 36.2%, according to the relative abundance of sequences assigned to these species. On the contrary, C. carboxidivorans/C. drakei/C. scatologenes cluster could only be detected in samples from the STR. The relative abundance of this cluster barely exceeded the 2% of the total community in any of the situations analyzed. The use of CC1F/CC1R primer pair confirmed the presence of C. carboxidivorans in samples of STR but not in those of BES systems (Table 3 ). However, due to nonspecific amplifications, the presence of C. carboxidivorans in STR samples cannot be completely confirmed. Clostridium carboxidivorans detection in BES systems seems to be controversial. According to 16S rRNA based sequencing, C. carboxidivorans has been described as forming part of the biocathodic biofilm in some BES configurations (Lu et al. 2015) , while in most situations this species is absent (Marshall et al. 2012; Bajracharya et al. 2016; Puig et al. 2017; Batlle-Vilanova et al. 2017) . The application of our newly developed CC1F/CC1R primer pair, confirmed that C. carboxidivorans was not present at detectable limits in the two BES studied Puig et al. 2017) . According to our results, it remains to be elucidated if C. carboxidivorans, and no other related carboxydotrophic species, is really able to form stable biofilms in biocathodes and therefore to contribute to solvent production in BES systems.
Specific detection and differentiation of C. ljungdahlii and 'C. autoethanogenum' in mixed culture samples has been difficult with the application of common molecular techniques targeting the 16S rRNA gene (Ganigué et al. 2016; Sarkar et al. 2016; Jing et al. 2017) . By the application of CL3F/CL3R and CL3F/CA3R primer pairs, we have been able to elucidate whether 'C. autoethanogenum', C. ljungdahlii or both of them were present in biological reactors. In all samples used in this study, C. ljungdahlii, 'C. autoethanogenum', or both of them, could be detected by PCR (Table 3 ). Interesting differences were observed that may help in narrowing experimental conditions for the enrichment of any of the two species. For instance, the use of different buffers in the STRs series experiment resulted in the selective enrichment of 'C. autoethanogenum' when MES and phosphate buffers were used, whereas both species occurred simultaneously in the presence of carbonate buffer. It is known that the salt concentration impacts the growth rate and biofilm formation capacity of C. ljungdahlii, suggesting that uncontrolled changes due to the use of different buffers could determine changes in the growth of the two species (Philips et al. 2017) .
CL3F/CL3R and CL3F/CA3R primers confirmed the presence of either 'C. autoethanogenum' or C. ljungdahlii in the acetate producing BES as suspected from the partial 16S rRNA sequences obtained for these samples (Puig et al. 2017) . The presence of these bacteria was only confirmed in the bulk liquid and not in the biofilm samples. The low relative abundance of C. ljungdahlii related sequences (approximately 1%) could be an explanation for the lack of detection in the biofilm sample, but more likely the lack of positive amplification was due to the absence of any of the two species in the BES reactor. Both 'C. autoethanogenum' Puig et al. (2017) , Batlle-Vilanova et al. (2017) and Ganigué et al. (2016). and C. ljungdahlii share a 99.6% identical 16S rRNA sequence to 'C. ragsdalei' and 'C. coskatii' (Bengelsdorf et al. 2016 ), which could be other candidate species to explain the lack of consistency between Illumina data and PCR results in the studied BES systems. As shown previously in view of the in silico analyses of the developed primers, 'C. coskatii' appears as the most reliable species to be also present in this samples, since it cannot be differentiated from C. ljungdahlii with the CL1F/CL3R primer pair. In addition, the presence of the two species was confirmed in the butyrate producing BES after selective PCR analysis . No differences were observed according to CO 2 .
In conclusion, differences in key physiological parameters (e.g. growth and production rates) exist between the three Clostridium species, which may condition the application of predictive production models without an effective identification of the producing strain. The usefulness of the newly designed primer pairs, CC1F/CC1R, CL3F/CL3R and CL3F/CA3R, opens up the possibility of their use in quantitative analyses, establishing the role of 'C. autoethanogenum', C. carboxidivorans and C. ljungdahlii in CO 2 capture and assimilation in different systems and environments.
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